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5-StepIn this study, 3D direct numerical simulations of a multi-component fuel consisting of CO; H2; H2O; CO2
and CH4 reacting with air are performed. A freely propagating turbulent premixed stoichiometric ﬂame is
simulated for both low and high turbulence conditions i.e., the rms values of turbulent velocity ﬂuctua-
tions normalised by the laminar ﬂame speed are of order 1 and 10. A skeletal mechanism involving 49
reactions and 15 species, and a 5-step reduced mechanism with 9 species, are used in order to evaluate
the performance of the reduced mechanism under turbulent conditions. The 5-step mechanism incurs
signiﬁcantly lower computational expenses compared to the skeletal mechanism. The majority of species
mean mass fractions and mean reaction rates computed using these two mechanisms are in good agree-
ment with one another. The mean progress variable and heat release rate variations across the ﬂame
brush are also recovered by the reduced mechanism. No major differences are observed in ﬂame response
to curvature or strain effects induced by turbulence, although some differences are observed in instanta-
neous ﬂame structure. These differences are studied using a correlation coefﬁcient and detailed analysis
suggests that this comes from the ﬂuctuating heat release induced effects in the case with higher turbu-
lence level. Further considerations based on instantaneous reaction rate and local displacement speed are
discussed to evaluate the suitability of the reduced mechanism.
 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.1. Introduction due to two issues: (1) accurate description of the ﬂow ﬁeldNatural hydrocarbon based fuel resources such as methane are
ﬁnite, and are becoming increasingly more expensive to extract
often requiring off-shore drilling at great depths. At the same time
emission regulations are becoming stricter, due to increasing levels
of CO2 in the atmosphere. In light of these developments, low calo-
riﬁc value fuels such as Coke Oven Gas (COG), Blast Furnace Gas
(BFG), and those coming from bio-gasiﬁers, are becoming increas-
ingly popular as alternative fuels for power generation using indus-
trial gas-turbines [1]. These are typically multi-component fuels,
involving CO; H2; H2O; CH4; CO2; O2 and N2, with their composi-
tions varying greatly depending on the production process [2–4].
The design of combustors operating efﬁciently, and in an envi-
ronmentally–friendly manner to burn such fuels in turbulent ﬂows
is challenging. An integral part of the modern design process
involves computational ﬂuid dynamics (CFD) simulations of turbu-
lent reactive ﬂows. Three-dimensional direct simulations of turbu-
lent reactive ﬂows of practical interest, are still expensive despite
the development of faster and efﬁcient computers. This is primarilyrequires to resolve the smallest dissipative scales, i.e., the Kol-
mogorov scale gk, which requires an extremely prohibitive ﬁne
numerical grid, and (2) accurate description of the chemistry,
requires the use of a very large detailed reaction set. A detailed
reaction set usually involves more than hundreds of reactions
and tens of species, even for a simple fuel such as CH4, and the
requirement for multi-component fuels is even larger. Further-
more, the time scales associated with each species can be very dis-
parate, thus requiring the use of an extremely small time-step. All
of the above factors, make such simulations impractical even on
the fastest super-computer available to date.
Reynolds averaged Navier–Stokes (RANS) and Large Eddy Simu-
lations (LES) approaches tackle the ﬁrst issue on numerical and
computational requirements. The second issue on the required
chemical complexity, can be tackled in a variety of ways, using tab-
ulated chemistry approaches [5–10], and chemistry reduction
involving quasi steady state assumptions (QSSA), combined with
partial equilibrium assumptions [11–19]. In schemes with QSSA,
the computational effort is reduced considerably by introducing
steady-state and partial equilibrium assumptions for particular
species and reactions respectively. This reduces the number of spe-
cies to be carried in simulations and the stiffness of the system by
removing species with relatively short lifetimes.
3086 Z.M. Nikolaou et al. / Combustion and Flame 161 (2014) 3085–3099Usually, reduced mechanisms obtained using these approxima-
tions, are validated against laminar one-dimensional measure-
ments such as the ﬂame speed and ignition delay time. Following
this validation procedure, such reduced mechanisms have been
used in past Direct Numerical Simulation (DNS) studies [20–27],
to gain insight for combustion sub-model development. This step
entails a major assumption: that the reduced mechanism retains
the same ﬂame front structure and turbulence–ﬂame interaction
thereby yielding the same statistics as one would obtain using a
detailed or a skeletal mechanism. This may or may not be correct
and has not been validated yet in three dimensions, since most
of the DNS studies in the past used either a single irreversible reac-
tion or reduced chemical kinetics in three dimensional turbulence.
Skeletal chemical kinetic mechanisms on the other hand were pre-
dominantly used in two dimensional simulations only, due to the
high computational demand for three-dimensional simulations
with detailed chemical complexity.
These investigations have been reviewed in many past studies
[28–31], helping us to understand the role of chemical detail in tur-
bulent combustion simulations. For example, it was shown in the
2D DNS of Baum et al. [32,33] that the responses of heat release rate
and ﬂamelet speed to curvature and tangential strain rate induced
by turbulence on hydrogen–air premixed ﬂames, were substan-
tially different when a single or skeletal chemistry was used,
although the general statistics such as the probability density func-
tion (pdf) of curvature did not vary much. The role of simulation
dimensions was examined in detail in [34] where 2D simulations
yielded much broader displacement speed pdfs in comparison with
3D simulations, with the discrepancies being proportional to the
turbulence level urms=sl, where sl is the laminar ﬂame speed. While
the 3D simulations revealed the displacement speed to be strongly
negatively correlated with curvature, the 2D data showed a much
weaker correlation [34]. Since the displacement speed strongly
depends on the ﬂow ﬁeld and mixture transport properties, it is
expected that the type of chemical mechanism used will also affect
this correlation and the respective pdfs through turbulence–chem-
istry interaction. This is particularly important from a modelling
point of view since the displacement speed is involved in the G-
equation and FSD modelling approaches. Furthermore, preferential
diffusion effects of light species, are not described when a 1-step
chemistry is used. The comparison of LES results with experimental
data to assess the accuracy of reduced chemistry models [35], suf-
fers from many additional assumptions introduced for the sub-grid
scale combustion modelling. As a result, the exact inﬂuence of the
chemical model employed, cannot be isolated unambiguously.
DNS studies are ideal to isolate the inﬂuence of chemical kinet-
ics modelling on the ﬂame structure and turbulence–chemistry
interaction, and to test the performance of a particular chemical
scheme for turbulent combustion. However, in the past, DNS stud-
ies of premixed combustion in simple canonical conﬁgurations
with skeletal chemistry and archetypical conﬁgurations with
reduced chemistry were predominantly used to gain insights on
turbulence–chemistry interaction and model validation. A review
of these studies in [28] suggests that three-dimensional DNS with
adequate detail of chemical kinetics will be required to make gen-
eral strides on the development of combustion sub-models for
optimal design of future engines and fuels. The DNS of combusting
ﬂows in archetypical conﬁgurations with detailed chemistry and
molecular transport for multi-component fuels is expected to be
beyond the reach of even exa-scale computing. The use of skeletal
or reduced mechanisms seems a plausible choice at this time.
Obviously, a reduced mechanism is preferred for computational
reasons. However, the reducedmechanismmust retain the essential
features of ﬂame structure, the relative role of various fuel species
and important radicals, and their interactions with turbulence. The
former aspects are usually veriﬁed using laminar ﬂame measure-ments andquantities computedusingdetailedor skeletal chemistry,
as noted earlier. The turbulence–ﬂame interaction aspects are usu-
ally presumed to hold. In this study, an attempt has been made to
verify the ability of a reduced mechanism to capture the turbu-
lence–ﬂame interaction and ﬂame front structure compared to a
skeletal mechanism. This is achieved by performing 3D DNS of tur-
bulent premixed combustion of a multi-component fuel mixture
in a canonical conﬁguration. The combustion chemistry is modelled
using an extensively validated skeletal and 5-step reduced mecha-
nism for multi-component fuel mixtures [36]. The details of these
two mechanisms are given later in Section 2.1. The speciﬁc objec-
tives of this study are (1) to compare the spatial distribution of heat
release rate and speciesmass fractions in turbulent premixedﬂames
computed using the skeletal and reduced mechanisms, (2) to study
the respective statistics of mass fractions, reaction rates etc.
obtained using these twomechanisms and (3) to examine the ﬂame
statistics, speciﬁcally pdfs of ﬂame curvature, displacement speed,
tangential strain rate, stretch rate and generalised ﬂame surface
density (FSD) which is closely related to the scalar dissipation rate
of the reaction progress variable. These quantities are involved in
combustion modelling based on ﬂamelets approach.
The rest of the paper is organized as follows. The mathematical
background and the numerical implementation are presented in
Section 2 along with the computational parameters and the chem-
ical schemes used. The results are presented and discussed in Sec-
tion 3, and conclusions are drawn in the ﬁnal section.
2. Mathematical background
2.1. Governing equations and numerical method
The direct numerical simulations have been conducted using
the SENGA2 code [37] which is a fully compressible code. The
equations solved are those for the conservation of instantaneous
mass, momentum, energy, and species mass fractions. These equa-
tions are written respectively as
@q
@t
þ @quk
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¼ 0; ð1Þ
@qui
@t
þ @qukui
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@qYa
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@xk
¼ _xa  @qVa;kYa
@xk
: ð4Þ
using common nomenclature. The symbol a denotes a species iden-
tiﬁer. Further details of the above equations can be found in [37].
The thermal conductivity of the mixture, k, is calculated using a
relationship in [38], which is given as
k
Cp
¼ Ak TT0
 r
ð5Þ
where Cp is the speciﬁc heat capacity at constant pressure for the
mixture. The model parameters are Ak ¼ 2:6246 105 kg m1 s1
and r ¼ 0:6859. The dynamic viscosity, l, of the mixture is calcu-
lated by assuming a constant Prandtl number, Pr, through
l ¼ k
Cp
Pr ð6Þ
From laminar unstrained ﬂame calculations Pr ¼ 0:7. The diffusion
velocities for species are calculated using Fick’s law:
qVa;kYa ¼ qDa @Ya
@xk
: ð7Þ
Table 2
The skeletal mechanism. Units are in cm, s, mol, cal, K.
Reaction A n Ea
1 H + O2 = O + OH 2.650E+16 0.6707 17041.0
2 O + H2 = H + OH 3.870E+04 2.7 6260.0
3 OH + H2 = H + H2O 2.160E+08 1.51 3430.0
4 2OH = O + H2O 3.570E+04 2.4 2110.0
5a H + O2 + M = HO2 + M 2.800E+18 0.86 0.0
6 H + O2 + H2O = HO2 + H2O 1.126E+19 0.76 0.0
7 H + O2 + N2 = HO2 + N2 2.535E+19 1.3392 0.0
8 H + O2 + He) HO2 + He 7.000E+17 0.8 0.0
9 H + O2 + Ar) HO2 + Ar 7.000E+17 0.8 0.0
10 H + 2O2 = HO2 + O2 2.080E+19 1.24 0.0
11 H + HO2 = 2OH 8.316E+13 0 635.0
12 H + HO2 = O2 + H2 4.480E+13 0 1068.0
13(D) OH + HO2 = O2 + H2O 1.450E+13 0 500.0
14(D) OH + HO2 = O2 + H2O 5.000E+15 0 17330.0
15 H + HO2 = O + H2O 3.970E+12 0 671.0
16 O + HO2 = OH + O2 2.000E+13 0 0.0
17(D) 2HO2 = O2 + H2O2 1.300E+11 0 1630.0
18(D) 2HO2 = O2 + H2O2 4.200E+14 0 12000.0
19b 2OH (+M) = H2O2(+M) 7.400E+13 0.37 0.0
20 H + H2O2 = OH + H2O 1.000E+13 0 3600.0
21(D) OH + H2O2 = HO2 + H2O 1.700E+18 0 29410.0
22(D) OH + H2O2 = HO2 + H2O 2.000E+12 0 427.0
23 H + H2O2 = HO2 + H2 1.210E+07 2 5200.0
24 O + H2O2 = OH + HO2 9.630E+06 2 4000.0
25c 2H + M = H2 + M 1.000E+18 1 0.0
26 2H + H2 = 2H2 9.000E+16 0.6 0.0
27 2H + CO2 = H2 + CO2 5.500E+20 2 0.0
28 2H + H2O = H2 + H2O 6.000E+19 1.25 0.0
29d H + OH + M = H2O + M 2.200E+22 2 0.0
30e 2O + M = O2 + M 1.200E+17 1 0.0
31f O + H + M = OH + M 5.000E+17 1 0.0
32 OH + CO = H + CO2 4.689E+07 1.228 70.0
33 HO2 + CO = OH + CO2 1.500E+14 0 24544.0
34g O + CO (+M) = CO2(+M) 1.800E+10 0 2385.0
35 H + HCO = H2 + CO 7.340E+13 0 0.0
36 OH + HCO = H2O + CO 5.000E+13 0 0.0
37 HCO + O2 = HO2 + CO 1.345E+13 0 400.0
38h HCO + M = H + CO + M 1.870E+17 1 17000.0
39 HCO + H2O = H + CO + H2O 1.500E+18 1 17000.0
40 O + HCO = H + CO2 3.000E+13 0 0.0
41 O + CH4 = OH + CH3 1.020E+09 1.5 8600.0
42 OH + CH4 = CH3 + H2O 1.000E+08 1.6 3120.0
43 O + CH3 = H + CH2O 5.060E+13 0 0.0
44 O + CH3) H + H2 + CO 3.370E+13 0 0.0
45 O + CH2O = OH + HCO 3.900E+13 0 3540.0
46i H + CH3(+M) = CH4(+M) 1.390E+16 0.534 536.0
47 H + CH4 = CH3 + H2 6.600E+08 1.62 10840.0
48 H + CH2O = HCO + H2 5.740E+07 1.9 2742.0
49 OH + CH2O = HCO + H2O 3.430E+09 1.18 447.0
a O2/0.0, H2O/0.0, CO/0.75, CO2/1.5, N2/0.0, Ar/0.0, He/0.0.
b Low: 2.300E+18/0.900/1700.00, Troe: 0.7346/94.00/1756.00/5182.00, H2/
2.0, H2O/6.0, CH4/2.0, CO/1.5, CO2/2.0, Ar/0.7, He/0.7.
c H2/0.0, H2O/0.0, CH4/2.0, CO2/0.0, Ar/0.63, He/0.63.
d H2/0.73, H2O/3.65, CH4/2.0, Ar/0.38, He/0.38.
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Da ¼ kqCpLea ð8Þ
where Lea is the Lewis number of species a, which is taken to be
constant but different for each species. These values calculated by
taking the average Lea for each species across the laminar
unstrained ﬂame are shown in Table 1.
The chemical reaction rate of species a; _xa, is modelled using
Arrhenious rate kinetics for 49 reactions involved in a skeletal
mechanism [36] given in Table 2. This mechanism involves 15 spe-
cies listed in Table 1 and it is suitable for combustion of low-calo-
riﬁc value multi-component fuel mixtures. This mechanism was
validated in an earlier study [36] for a range of thermo-chemical
conditions including laminar ﬂame speeds and ignition delay
times.
2.2. Development of reduced chemistry
The 5-step reduced mechanism was developed in [36] from the
skeletal mechanism in Table 2, using the CARM software [39],
which has the ability to directly generate source codes for the
steady-state species reaction rates. By removing certain intermedi-
ate species from the skeletal mechanism, the computational effort
is reduced as the number of non-steady state species to be carried
in the simulations is decreased. For a restricted regime of interest,
many intermediate species can be removed from the system with-
out losing the solution accuracy. Such a reduced mechanism with
QSSA, in the absence of transport phenomena, can be described
as follows.
For non-QSS species:
@Ci
@t
¼ _xip  _xid; i ¼ 1 . . .Ns;reduced ð9Þ
For QSS species:
0 ¼ _xjp  _xjd; j ¼ 1 . . . ðNs;skeletal  Ns;reducedÞ: ð10Þ
The QSSA is applicable to an intermediate species when its pro-
duction rate, _xjp, is nearly equal in magnitude to the destruction
rate, _xjd, resulting in a very small net change in concentration. Con-
centrations of QSS species are solved by the non-linear algebraic
system described in Eq. (10) without any truncation and are identi-
ﬁed using a relative error based on their production and destruction
rates, whereas non-QSS species concentrations are resolved in the
usual manner using Eq. (9). Computational time saving results from
a further decrease in system size from Ns;skeletal to Ns;reduced. Further-
more, the stiffness of the system is also decreased as species with
small life times are removed using a targeted search algorithmTable 1
Species Lewis numbers. The species in parentheses are those
in steady-state for the 5-step reduced mechanism.
Index Species Le
1 H 0.156
2 O2 0.996
3 H2O 0.756
4 CO 0.991
5 CO2 1.311
6 H2 0.264
7 H2O2 1.005
8 (OH) 0.650
9 (HO2) 0.998
10 (HCO) 1.149
11 (O) 0.637
12 CH4 0.896
13 (CH3) 0.891
14 (CH2O) 1.159
15 N2 0.922
e H2/2.4, H2O/15.4, CH4/2.0, CO/1.75, CO2/3.6, Ar/0.83, He/0.83.
f H2/2.0, H2O/6.0, CH4/2.0, CO/1.5, CO2/2.0, Ar/0.7, He/0.7.
g Low: 6.020E+14/0.0/3000.00, H2/2.0, O2/6.0, H2O/6.0, CH4/2.0, CO/1.5, CO2/3.5,
Ar/0.5, He/0.5.
h H2/2.0, H2O/0.0, CH4/2.0, CO/1.5, CO2/2.O.
i Low: 2.620E+33/4.760/2440.00, Troe: 0.7830/74.00/2941.00/6964.00, H2/2.0,
H2O/6.0, CH4/3.0, CO/1.5, CO2/2.0, Ar/0.7, He/0.7.(TSA) of Tham et al. [40]. Numerical solutions of the zero-dimen-
sional Perfectly-Stirred Reactor (PSR) with the 49-reaction skeletal
mechanism in Table 2 were used as input to CARM.
This reduced mechanism is written as:
ð1Þ O2 þH2Oþ 3CO) 2Hþ 3CO2
ð2Þ CO2 þH2 ) H2Oþ CO
ð3Þ 2Hþ CO2 ) H2Oþ CO
ð4Þ O2 þ 2H2Oþ 2CO) 2Hþ 2CO2 þH2O2
ð5Þ 2Hþ 4CO2 þ CH4 ) 3H2Oþ 5CO
3088 Z.M. Nikolaou et al. / Combustion and Flame 161 (2014) 3085–3099and the rate expressions for the nine species involved in the above
ﬁve steps are given in [36]. The supplementary material of this arti-
cle provides a CHEMKIN compatible subroutine to calculate these
reaction rates.Table 3
Fuel mixture composition (molar percentages) used in the DNS. Note that the oxidizer
is atmospheric air.
TrðKÞ / pðatmÞ CO H2 H2O CO2 CH4
800.0 1.0 1.0 62.687 1.881 16.000 18.806 0.6272.3. Flow conﬁguration and boundary conditions
A sketch of the computational domain is given in Fig. 1. The
computational domain is discretized in space using a structured
Cartesian mesh. Each of the spatial derivatives in the conservation
equations is evaluated at each mesh point using a 10th order cen-
tral ﬁnite difference scheme for all interior points that are ﬁve or
more points away from a non-periodic boundary. The order of this
scheme is gradually reduced as the boundary is approached. Time
advancement of the solution is carried out using a low-storage
explicit ﬁve-stage fourth-order Runge–Kutta method [41]. The
time-step size is 15 ns for all cases, determined by the acoustic
CFL condition.
A freely propagating multi-component fuel premixed ﬂame is
simulated. At the inlet uin ¼ uþ u0 where u ¼ ðu;0; 0Þ is the con-
stant mean inlet velocity and u0 is the ﬂuctuating turbulence veloc-
ity. These ﬂuctuations are calculated from a pre-computed cold
ﬂow simulation using periodic boundary conditions and a Batche-
lor–Townsend energy spectrum. These pre-computed velocity ﬂuc-
tuations are then saved and added to mean ﬂow at the inlet at
every time step. A scanning plane runs through the saved velocity
ﬁeld and an interpolation scheme is used to update the inlet
boundary.
Periodic boundary conditions are applied in the homogeneous
(y; z) directions. Subsonic constant density reﬂecting inﬂow
boundary conditions are applied at the inﬂow boundary, and par-
tially-reﬂecting boundary conditions at the outﬂow boundary,
based on characteristics analysis [42,43], later extended to the
NSCBC formulation [44]. Transverse convective terms are also
included [45,46], in order to correctly estimate the wave amplitude
variations at both the inﬂow and outﬂow boundaries. This was
found to be an essential component to ensure numerical stability,
especially for the highest turbulence level considered in this study.Table 4
Turbulence parameters for the DNS. ttot indicates the total run time of the simulations.
Case urms=sl lint=d Re Da Ka uin=sl ttot=tfl ttot=te2.4. Mixture conditions
The scalar ﬁeld is initialised using a steady-state laminar ﬂame
solution obtained using the PREMIX code of the CHEMKIN package
[47,48]. The fuel mixture is at Tr ¼ 800 K and 1 atm. It is composedFig. 1. Sketch of the computational domain. Grey area indicates initial laminar
ﬂame.of CO; H2; H2O; CO2 and CH4, and mole fraction percentages of
these species are given in Table 3. This composition is typical of
a BFG mixture [1], or a low hydrogen content syngas mixture [2–
4]. At these conditions the laminar ﬂame speed is sl ¼ 2:5 m=s
and the ﬂame thickness is dl ¼ 0:75 mm, where dl ¼ ðTp  TrÞ=
maxðjdT=dxjÞ, and Tp is the product temperature.2.5. Turbulent ﬂame conditions
Table 4 lists the turbulence parameters used for the DNS: urms is
the root mean square value of ﬂuctuating velocity, with an integral
length scale lint on the reactant side. The turbulence Reynolds num-
ber is Re ¼ urmslint=mr , where mr is the kinematic viscosity of the
reactant mixture. The Damköhler number is Da ¼ ðlint=urmsÞ=
ðd=slÞ, the Karlovitz number is Ka ¼ ðd=gkÞ2, and the Zeldovich
thickness is deﬁned as d ¼ mr=sl. Figure 2 shows the locations of
these conditions in the combustion diagram [49]. In order to iso-
late the effect of the turbulence level, the integral length scale is
kept approximately the same. According to the classical combus-
tion diagram [49], these conditions correspond to the thin reaction
zones regime. The simulations were run for 9.76 and 2.56 ﬂame
times, tfl ¼ dl=sl, corresponding to about 34 and 32 eddy turn-over
times, te ¼ lint=urms, for cases A and B respectively.2.6. Computational requirements
The computational domain is Lx ¼ 14 mm and Ly ¼ Lz ¼ 7 mm
with the corresponding number of gridpoints Nx ¼ 768 and
Ny ¼ Nz ¼ 384 for cases A and B. For the 5-step reduced mecha-
nism the same physical domain size and resolution is used for case
B. The same physical domain size but with a smaller numerical res-A 3.18 16.54 52.66 5.19 1.39 2.6 9.76 33.92
B 9.00 16.66 150.05 1.85 6.62 3.6 2.56 31.99
100 102 104
10−1
100
101
102
103
lint/ δ
u r
m
s 
/ s
l
Case A
Case B
Ret=1
Ka=100
Ka=1
Da=1
Da=100
Fig. 2. Combustion regime diagram showing conditions of the two ﬂames.
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Nx ¼ 432 and Ny ¼ Nz ¼ 216. The minimum reaction zone thick-
ness among all species present namely CH4 dictates the numerical
resolution for case A, while the Kolmogorov length scale dictates
the resolution for case B. It was observed that at least 20 points
were required inside this minimum reaction zone thickness to
ensure numerical stability for the skeletal mechanism, whereas
for the 5-step reduced mechanism 10 grid points were sufﬁcient
to ensure this. The simulations were run on the UKs super-com-
puter facility HECTOR. The computational details such as total
memory requirements, number of cores used, output interval fre-
quency, tout, total number of sampled data sets, Ntot, and time step
size, Dt , are given in Table 5.3. Results and discussion
3.1. Post-processing method
The global ﬂame behaviour is analysed through the calculation
of the consumption speed deﬁned as:
sc ¼ 1qrA
Z
V
P
aha _xa
CpðTp  TrÞ dV ð11Þ
where A is the total area in the homogeneous direction and the inte-
gral is taken over the volume V of the computational domain. Fig-
ure 3 shows the temporal evolution of sc=sl for the two cases.
Time is normalized using the ﬂame time tfl which is common for
both cases. Initially sc is approximately equal to the laminar ﬂame
speed for both cases, indicating that sc is a good measure of global
ﬂame behaviour. After about one ﬂame time, the ﬂame reaches a
statistically stationary state for case B and remains there up to
2.56 ﬂame times where the simulation is stopped. Case A on the
other hand shows a more delayed evolution: the consumption
speed keeps increasing up to about 3 ﬂame times and remains inTable 5
Computational requirements for the DNS. Cases in parentheses are with the reduced
mechanism.
Case Memory (GB) Cores Wall clock time (h) tout=tfl Ntot Dt (ns)
A 304.1 243 180 0.08 122 15
(A) 98.9 63 240 0.08 122 15
B 304.1 243 72 0.08 53 15
(B) 167.9 243 36 0.08 53 15
0 1 2 3 4 5 6 7 8 9 10 11 12
0
0.5
1
1.5
2
2.5
3
3.5
4
t/tfl
s c
 / 
sl
 
 
A
B
Fig. 3. Consumption speed sc for cases A (thick line) and B (thin line), using the
skeletal (continuous line) and reduced (dashed line) mechanisms.a more or less statistically stationary state up to about 5 ﬂame times
after which the consumption speed drops.
The DNS data have been post-processed using the same spatial
differencing schemes as used in the DNS. Averaging is done both in
space (in the homogeneous y; z directions) and time, and by com-
bining adjacent spatial points in order to increase the statistical
accuracy. Five neighbouring points (symmetrically about i for inte-
rior points) are combined after ensuring that the statistics such as
the x-wise averages and the pdfs of c are not unduly affected. The
average value of a quantity V at point i in the x direction is calcu-
lated using
VðiÞ ¼ 1
NtNyNzNp
Xt¼t2
t¼t1
XNz
k¼1
XNy
j¼1
XNp
p¼1
Vði 3þ p; j; k; tÞ ð12Þ
where Np ¼ 5. The i 3 indicates that for points well away from the
boundaries the averaging is symmetric about point i, using the 5
neighbouring grid points. Due care is taken at the boundaries. For
case A, time averaging is performed between 3.5 and 5.6 ﬂame
times, and for case B time averaging is performed between 1 and
2 ﬂame times. During these two intervals the ﬂames in both cases
seem to be in a statistically stationary state at least as far as sc is
concerned as shown in Fig. 3. Conditional averages are taken over
the entire volume in bins of c, and time-averaged over the above
time intervals.
The ﬂame surface except where stated otherwise is deﬁned as
the temperature iso-surface using c ¼ ðT  TrÞ=ðTp  TrÞ ¼
c ¼ 0:32, corresponding to the location of maximum heat release
in the unstrained planar laminar ﬂame. This choice is justiﬁed for
this study because the discrepancies in statistics between the
two mechanisms are observed to be maximum for c close to c.
Furthermore, mass fraction based progress variable deﬁnitions
were shown in [50] to vary substantially among different reactant
species. The ith component of a unit normal vector to the ﬂame
surface is given by
ni ¼  1v
@c
@xi
ð13Þ
where v2 ¼ ð@c=@xiÞð@c=@xiÞ, and the generalized ﬁne-grained FSD is
R ¼ v. The ﬂame stretch U is given by [51]
U ¼ ðdij  ninjÞ @ui
@xj
þ sd @ni
@xi
¼ at þ sdKm ð14Þ
where at is the tangential strain rate, Km is the surface curvature,
and sd the displacement speed. The displacement speed is calcu-
lated for all points on the ﬂame surface using
vsd ¼ dcdt ¼
1
qCp
@
@xi
k
@c
@xi
 
 @c
@xi
X
a
CpaYaVai
Cp
þ
_Q
qCpðTp  TrÞ ð15Þ
where the heat release rate is _Q ¼ Paha _xa. The ﬂame surface
quantities are normalised as follows: aþt ¼ attfl, Kþm ¼ Kmdl and
Uþ ¼ Utfl.
Probability density functions of displacement speed, curvature,
tangential strain and stretch are extracted from the ﬂame surface
calculated using the samples collected over the entire sampling
period as for the mean quantities. These quantities are analysed
to address the third objective of this study, but not all of these
quantities are shown in this paper.
3.2. Comparison of spatial correlations
Figs. 4 and 5 show the instantaneous heat release rate in x–y
planes for cases A and B respectively. Slices are shown for four dif-
ferent zþ spanning the entire length of the physical domain in the z
direction. The top row shows the results using the skeletal mecha-
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Fig. 4. Instantaneous normalised heat release rate, _Qþ , in x–y planes at different z
locations. Top row is for the skeletal mechanism and bottom row is for the reduced
mechanism, for case A at t=tfl ¼ 4.
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Fig. 5. Instantaneous normalised heat release rate, _Qþ , in x–y planes at different z
locations. Top row is for the skeletal mechanism and bottom row is for the reduced
mechanism, for case B at t=tfl ¼ 1:6.
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release rate _Q in both ﬁgures is normalised using the maximum
heat release rate in the laminar case for the skeletal mechanism,
in order to highlight differences with the reduced mechanism.
For case A the general shape of the ﬂame front is captured well
by the reduced mechanism for all z. In both cases heat release is
observed to peak in regions with negative curvature (convex
towards the products), indicating that the same physical behaviour
is recovered. Some differences are observed with respect to the
maximum heat release rate values obtained, with the reduced
mechanism reaching slightly higher maximum heat release values.
Furthermore, heat release regions behind the ‘‘main’’ ﬂame like the
one for the third location, although captured with the reduced
mechanism, are found to burn faster. For case B, the differences
between the two mechanisms are more pronounced: the skeletal
mechanism shows a more patchy and distributed ﬂame front, giv-
ing an overall thicker ﬂame. The reduced mechanism on the otherhand has a thinner ﬂame front with a more continuous heat release
zone. The difference though in the maximum heat release rate
between the two mechanisms is reduced in comparison with case
A, implying that turbulence is more dominant than chemical kinet-
ics to the ﬂame evolution.
The two-dimensional spatial cross-correlation function, r, can
be used to better quantify the difference between the two mecha-
nisms for a given xþ–yþ plane. This can be calculated for each zþ
using
rðzkÞ ¼
P
i
P
j V
r
ijk  Vr
 
Vsijk  Vs
 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
i
P
j V
r
ijk  Vr
 2P
i
P
j V
s
ijk  Vs
 2r ð16Þ
where i; j and k are indices for xþ; yþ and zþ directions respectively.
The superscripts s and r stand for the skeletal and reduced
mechanisms respectively. The over-bar indicates a two-dimensional
average of a quantity V in the corresponding xþ–yþ plane. The cross-
correlation, rðzkÞ, is also time-averaged as discussed in the previous
section and is calculated for the heat release rate and species mass
fractions. The results are shown in Fig. 6 for cases A and B respec-
tively. The correlation for the heat release rate is high for case A
across all z, with theminimum falling only slightly below0.8, a result
consistent with the visual comparison seen in Fig. 4. For case B, the
heat release correlation is not as strong and is found to drop to about
0.6 in the middle of the domain which is also in agreement with
Fig. 4. A comparison of the corresponding correlations for the species
mass fractions reveals strong correlations for H; O2; CO; CO2 and
CH4 with near 1 values. Furthermore, the species CO; CO2 and O2
have almost identical correlation distributions. These correlations
are observed to be reduced for H2, and the least strong correlations
are observed for H2O and H2O2. The same pattern is found to be true
for case B, with the difference that the correlations are in general
weaker, except for H2 whose correlation coefﬁcient is less sensitive
to the turbulence level.
In order to help elucidate the effect of the turbulence on the
spatial correlations, Fig. 7 shows the correlation coefﬁcients for
the unstrained laminar ﬂame. The correlation coefﬁcients in the
laminar case are all high contrary to the turbulent cases, reaching
values larger than 0.9 both for the heat release and the species
mass fractions. This result signiﬁes the importance of using
three-dimensional DNS data for validating the performance of a
reduced mechanism, in contrast to laminar one-dimensional
validations. Thus, turbulence reduces the spatial correlation
coefﬁcients through the inﬂuences of ﬂame stretch and turbulence–
chemistry interactions.
The 5-step mechanism was developed using numerical solu-
tions of the Perfectly Stirred Reactor (PSR) to ease the numerical
implementation, as input to CARM [39]. A species a was identiﬁed
as being in steady-state if:
100  j _xap  _xadj
maxð _xap; _xadÞ 6 e ð17Þ
where _xap and _xad are the species production and destruction rates
respectively, and the error e was taken to be less than 1%. Thus, are
the poorer correlation coefﬁcients observed in Fig. 6 in the turbu-
lent case a result of the failure of the above QSS assumption related
to the species rates? In order to establish the validity of this in the
turbulent case, one can compute the maximum species rate-related
QSSA error ea from the skeletal chemistry DNS data using:
ea ¼maxgl 100  ðj
_xap  _xadjÞ
maxlocð _xap; _xadÞ
 
ð18Þ
where the denominator is chosen based on the local maximum,
maxloc, between the species production and destruction rates, while
the outer global maximum, maxgl, is taken over the entire volume of
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Fig. 6. Variation of correlation coefﬁcient, r, with z for _Q and various species mass fractions, for case A (left) and case B (right).
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Fig. 7. Variation of correlation coefﬁcient, r, with z for _Q and various species mass
fractions, for the unstrained laminar ﬂame.
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cant production or destruction rates for species a at the spatial
point where the error is calculated, the denominator is subject to
the following conditions. If the local production rate is larger than
the local destruction rate i.e., ð _xap  _xadÞP 0, then
maxlocð _xap; _xadÞ ¼
_xap; if _xap P 0:01maxglð _xapÞ
1; otherwise
	
ð19Þ
If the local destruction rate is higher i.e., for ð _xad  _xapÞ > 0, then
maxlocð _xap; _xadÞ ¼
_xad; if _xad P 0:01maxglð _xadÞ
1; otherwise
	
ð20Þ
Figure 8 shows the instantaneous ea as obtained from the DNS
using Eqs. (18)–(20) for species 1–14 in the skeletal mechanism
(see Table 1), for cases A and B. A similar trend was observed at dif-1 3 5 7 9 11 130
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Fig. 8. Rate-related QSSA error, ea , for various species in Table 1. Case A result is shown
bars show the laminar ﬂame result.ferent time-steps. The laminar ﬂame results are also shown as grey
bars. It is important to remind ourselves at this point that species
8, 9, 10, 11, 13 and 14 i.e., OH; HO2; HCO; O; CH3 and CH2O (see
Table 1) are put in steady-state while developing the reduced
mechanism [36]. Figure 8 shows that the errors for the laminar
ﬂame are larger than the 1% limit set in the PSR computations.
Despite this, the use of the reduced mechanism is justiﬁed as the
correlations in Fig. 7 are high. For cases A and B the error is reduced
in comparison to the laminar ﬂame for HCO only, and increased for
OH; HO2; O; CH3 and CH2O. Of these species, the steady-state
assumptions introduced for OH; O; CH3 and CH2O are expected
to primarily affect the CH4 correlations, since these species readily
interact with CH4 through reactions 41–49 of Table 2. The spatial
mass fraction correlations of CH4 however in Fig. 6 are as high as
in the laminar case, implying that CH4 is relatively insensitive to
the QSSA for the aforementioned species.
In order to understand how the rate-related QSSA error is
affected by the turbulence, the local error, i.e., without the global
maximum operation in Eq. (18) can be analysed. Figures 9–11
show eOH; eHO2 and eO against c for case B. These species readily
react with H2O and H2O2 in the majority of the reactions listed in
Table 2, and are thus expected to impart the most inﬂuence on
the spatial correlations for these species. Also shown in grey con-
tinuous lines is the QSSA error conditionally averaged in bins of c
and time-averaged as explained in Section 3.1. The grey dashed
line shows the laminar ﬂame result to elucidate the turbulence
effect. In the laminar case, the QSSA error peaks at c ’ 0:5 for
OH, c ’ 0:01 for HO2 and c ’ 0:3 for O. The local QSSA error for
the turbulent case, on the other hand, peaks for all of these species
at much lower c values. This is expected since the turbulence is
stronger at low c values thus imparting most inﬂuence on species
rates. As previously stated, the reduced mechanism was developed
using PSR solutions as input to CARM, and as a result transport
effects (convection and diffusion) are excluded. Hence stronger1 3 5 7 9 11 130
20
40
60
80
100
α
e α
on the left for t=tfl ¼ 4:0, and case B result is shown on the right for t=tfl ¼ 1:6. Grey
Fig. 9. Local QSSA error in percentage for OH. Grey continuous line: conditional
average, conditioned on c and time averaged. Grey dashed line: laminar ﬂame
result.
Fig. 10. Local QSSA error in percentage for HO2. Grey continuous line: conditional
average, conditioned on c and time averaged. Grey dashed line: laminar ﬂame
result.
Fig. 11. Local QSSA error in percentage for O. Grey continuous line: conditional
average, conditioned on c and time averaged. Grey dashed line: laminar ﬂame
result.
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(turbulent) transport. On the burnt side the QSSA error is generally
less since the turbulence is weaker. In particular, the conditional
error is less than the laminar ﬂame error for c P 0:2 for OH and
O, and for c P 0:1 for HO2. Also, for all of these species the majority
of points fall below the laminar ﬂame result implying that QSSA
holds in the turbulent cases also. It is shown in the following sec-
tions that the mass fraction of H2O is over-estimated in a mean
sense at relatively larger c values. Since the conditional QSSA errors
in Figs. 9–11 are larger than the laminar ﬂame errors at relatively
lower c values, the low correlation observed for H2O at high c val-
ues cannot be a result of the rate-related QSSA.
3.3. Comparison of mean proﬁles
In this section the mean proﬁles of important species mass frac-
tions and net rates, heat release rate, and progress variable across
the ﬂame brush are examined, to test the performance of the 5-
step reduced mechanism. The results are shown in Figs. 12–16.
As noted earlier, the quantities are normalised using the maximum
of laminar ﬂame value for the skeletal mechanism. Figure 12 shows
that the mean mass fraction of H is slightly under-estimated by the
reduced mechanism as one moves towards the products, and close
examination of Fig. 14 reveals that this is owing to the slight
under-estimation of the H production rate over the same region.
Nevertheless, taking into account that H is a highly diffusive spe-
cies, the overall agreement with the skeletal mechanism is good.
The CO mean mass fraction which is the main fuel constituent is
well captured and similar results were found for the species
O2; CO2 and CH4. The mean mass fractions of H2O and H2O2 are
over-estimated for both turbulence levels and the same was
observed for the mean mass fraction of H2, which explains the
lower spatial correlations observed for these species in the previ-
ous section. Careful examination of Fig. 13 reveals that H2O and
H2O2 are over-estimated in the unstrained laminar case also. H2O
in particular is over-estimated mainly in the product side while
H2O2 is over-estimated across the entire ﬂame brush. Careful
examination of Fig. 15 reveals that the over-estimation of the
H2O mass fraction is owing to the over-estimation of its production
rate in the same region. Similar arguments apply for H2O2 also, the
only difference being that its consumption rate is instead over-esti-
mated in the product side, which helps to explain why the reduced
mechanism’s estimation for the H2O2 mass fraction approaches
that of the skeletal mechanism for large xþ.
As discussed in [36], these effects may be partly alleviated
through the adjustment of the activation energy of one of the most
dominant reactions, namely the chain-branching reaction
OþH2 ¼ Hþ OH. Increasing the activation energy of this reaction
would reduce the production rates of the OH and H radicals. This in
turn would have a direct effect on the production rates and mass
fractions of H2O, H2, and H2O2, since they readily interact with
OH and H radicals. However, at the same time the ﬂame speed
would also decrease, since less OH radicals would be available
for CO oxidation through the main heat releasing reaction
OHþ CO ¼ Hþ CO2. Since there is no way to pre-estimate the
increase factor for the activation energy, this has to be based on
one-dimensional laminar ﬂame data. Thus, as it was indicated in
[36], an increase of the activation energy of the reaction
OþH2 ¼ Hþ OH by 27.5%, reproduces the correct ﬂame speed
despite the small over-estimation of the aforementioned species
mass fractions. Furthermore, species such as CO2 (not shown here)
relating to atmospheric pollution are estimated with excellent
accuracy. Also, despite the discrepancies observed for the mean
mass fractions of H2O and H2O2, as one may see from Fig. 16 the
reduced mechanism captures very well the mean progress variable
and heat release rate variation across the entire ﬂame brush. For
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Fig. 12. Variations of H and CO mean mass fractions with xþ. Thick lines – case A, thin lines – case B. Continuous line is for skeletal mechanism and dashed line is for reduced
mechanism. Grey lines are for unstrained laminar ﬂames.
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Fig. 13. Variations of H2O and H2O2 mean mass fractions with xþ . Lines are as in Fig. 12.
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Fig. 15. Variations of H2O and H2O2 net mean reaction rates with xþ . Lines are as in Fig. 12.
Z.M. Nikolaou et al. / Combustion and Flame 161 (2014) 3085–3099 3093both turbulence levels the reduced mechanism predicts the heat
release rate to drop and spread out due to ﬂame thickening and
consistent with the laminar ﬂame result, the maximum heat
release rate occurs around c ¼ 0:32 also.3.4. Comparison of ﬂame front structure
The 5-step reduced mechanism was found in the previous sec-
tion to give an overall good agreement with the majority of species
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Fig. 16. Variations of mean c and _Qþ with xþ . Lines are as in Fig. 12.
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modelling point of view, one would use the reduced mechanism
DNS data not only to save computational time but also to develop
combustion sub-models many of which are based on the ﬂamelet
assumption. The conditional averages give an indication of the
ﬂamelet nature of the turbulent ﬂame. Thus, the conditionally
averaged mass fractions and heat release rate are studied in this
section.
Figs. 17–20 show conditional averages in bins of c for the spe-
cies mass fractions and heat release rate for the highest turbulence
level, i.e., case B. Similar results were obtained for case A and thus
they are not shown here. The continuous black lines show the
results for the skeletal mechanism and the dashed black lines show
the results for the reduced mechanism. Also the laminar ﬂame
result is shown using grey lines to elucidate the effect of the turbu-
lence. Figure 17 shows that the conditionally averaged mass frac-
tions of H and CO are well captured by the reduced mechanism
and a similar good agreement was also found for the conditional
averages of O2; CO2 and CH4. These results imply that the distribu-
tion of the aforementioned species over the temperature ﬁeld cal-
culated with the reduced mechanism is similar to that using the
skeletal mechanism. Figure 18 shows that the conditional average
of the H2O mass fraction is estimated equally well as the H mass
fraction. Nevertheless, for high c which are expected to occur for
large x, the conditionally averaged mass fraction of H2O is slightly
over-estimated. This happens both for the laminar and the turbu-
lent cases which explains the associated over-estimation of its
mean spatial value for large x. Careful examination of the reactions
involving H2O shows that one of the most important reactions
affecting H2O concentration is the reaction OHþH2 ¼ HþH2O.
Furthermore, this reaction was found to become more important
as one moves towards the products side and actually produces
H2O for large c [36,50,52,53].
Fig. 19 shows that the conditionally averaged mass fraction of
H2 is also over-estimated, and for all c even in the laminar case.0 0.2 0.4 0.6 0.8 1
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Fig. 17. H and CO mass fractions conditionally averaged in bins of c, and time-averaged
lines) mechanisms. Grey lines show the unstrained laminar ﬂame result.Both the H2O and the H2 over-estimation for the laminar ﬂame
are interlinked: the reaction OþH2 ¼ Hþ OH affects the H2 con-
centration signiﬁcantly and throughout the ﬂame brush. The QSSA
for O and OH, causes higher reverse rates through this step, reduc-
ing the H2 consumption, and increasing its concentration through-
out. At the same time, the QSSA combined with the higher levels of
H2 enhances the forward rate of the reaction OHþH2 ¼ HþH2O at
large c, producing more H2O, and causing an over-estimation in its
concentration in this region. However, as explained in Section 3.2,
despite this fact the correlations in the laminar ﬂame remain high.
Furthermore, the H2O over-estimation occurs at large c and as
shown in Section 3.2 the QSSA (for the species expected to affect
the most the H2O concentration) in the turbulent case, holds on
average better in this region than in the laminar ﬂame. Hence
the lower spatial correlations for H2O observed in Fig. 6 in the tur-
bulent case, are owing primarily to the different scalar–turbulence
interaction rather than failure of the QSSA.
Fig. 18 also shows the conditional average of H2O2, which in
comparison to H2O peaks at lower c values. This explains the much
lower spatial correlations observed for H2O2 in Figs. 6 and 7, since
this species exhibits strong mass fraction gradients in regions of
intense turbulence. As noted previously while discussing Figs. 9–
11, the QSSA errors peak in the regions of low c values. One would
therefore expect, perhaps, the H2O2 over-estimation seen in Fig. 18
to be associated with failure of the QSSA. However, when com-
pared to the laminar ﬂame result, the over-estimation using the
reduced mechanism, for the turbulent case at low c is approxi-
mately of the same magnitude, implying that this is not resulting
from the QSSA. Another important observation which may help
to justify the above point is as follows: for c P 0:2, the difference
with the skeletal mechanism result is small for the laminar case
but it is large for the turbulent case. Figures 9–11 show that in
the same range, i.e., for c P 0:2, the conditional QSSA error for
OH; HO2 and O is actually smaller than the laminar case despite
the increased discrepancies in Fig. 18. Thus, the over-estimation0 0.2 0.4 0.6 0.8 10
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Fig. 18. H2O and H2O2 mass fractions conditionally averaged in bins of c, and time-averaged for case B. Lines as in Fig. 17.
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Fig. 19. H2 mass fraction conditionally averaged in bins of c and time-averaged for
case B. Lines as in Fig. 17.
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Fig. 20. Heat release rate conditionally averaged in bins of c and time-averaged for
case B. Lines as in Fig. 17.
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Fig. 21. Surface displacement speed pdfs. Lines as in Fig. 12.
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Fig. 22. Surface stretch pdf. Lines as in Fig. 12.
Z.M. Nikolaou et al. / Combustion and Flame 161 (2014) 3085–3099 3095of the H2O2 mass fraction for the reduced mechanism in the turbu-
lent case cannot be correlated to the failure of the QSSA, at least for
the conditions investigated in this study.
Fig. 20 shows the conditionally averaged heat release rate. The
values obtained using the 5-step reduced mechanism agree well
those obtained using skeletal mechanism for small c values. The
reduced mechanism slightly over-estimates the conditionally aver-
aged heat release rate for large c values. This is consistent with the
results shown in Fig. 5. Since most of the heat release comes from
the enthalpy of formation of H2O whose mass fraction as previ-
ously discussed is over-estimated for large c, this causes the asso-
ciated slight over-estimation of the heat release rate in the same
region of c space. Nevertheless, it is shown in the following section
that the ﬂame surface statistics obtained with the skeletal mecha-
nism are recovered using the reduced mechanism.3.5. Comparison of ﬂame surface statistics
Figs. 21–23 show pdfs of the displacement speed, ﬂame stretch
and generalized FSD. These quantities are obtained on c ¼ 0:32 iso-
surface where the heat release rate peaks in the laminar ﬂame. The
pdfs of curvature and tangential strain rate using the reduced
mechanism were indistinguishable with the skeletal mechanism
results and thus they are not shown here. As one may see from
Fig. 21, the reduced mechanism produces almost identical dis-
placement speed pdfs with the skeletal mechanism both for the
low and high turbulence levels. This implies that the ﬂame struc-
ture computed using the reduced mechanism has the same depen-
dency on strain and curvature effects as with that computed using
the skeletal mechanism. Thus, the ﬂame stretch is also almost
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Fig. 23. Surface generalized FSD pdf. Lines as in Fig. 12.
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observe in the ﬂame stretch pdf shown in Fig. 22. The pdf of gen-
eralized ﬁne-grained FSD shown in Fig. 23 suggests some differ-
ences. This quantity has a higher mean value for both turbulence
levels when the reduced mechanism is used. Since Rgen ¼ v, it is
a measure of the ﬂame front thickness and thus the reduced mech-
anism has a slightly thinner ﬂame front. This implies that ﬂame
statistics obtained using the reduced mechanism is less sensitive
to the turbulence level as observed in previous studies
[32,33,54]. The quantitative difference, however, is found to be less
than 12%.
Fig. 24 shows scatter plots for the heat release rate and dis-
placement speed against curvature for case B. Similar results were
observed for case A. The black dots are for the skeletal mechanism
and the grey dots for the reduced mechanism. The expected phys-
ical behaviour, i.e., heat release rate and displacement speed corre-
late strongly with curvature and their peak values occurring in
negatively curved regions, is recovered by the reduced mechanism
for both turbulence levels. The results for both mechanisms are
found to be nearly identical in regions of positive curvature. For
negatively curved regions, the reduced mechanism slightly over-
estimates _Qþ and sþd , which is consistent with the visual pictures
shown in Figs. 4 and 5.
Fig. 25 shows the corresponding scatter plots for correlation
with tangential strain rate. Although some correlation is observed
for the heat release rate, with generally positively strained regions
showing a higher heat release rate, the inﬂuence of curvature is
much more dominant. The correlation between sþd and a
þ
t is not
as strong as for the heat release rate. The displacement speed is
observed to reach a maximum for aþt > 0. For large strain rates,Fig. 24. Scatter plots of _Qþ vs. Kþm and s
þ
d vs. K
þ
m . Black symbol is for the skeletal and greythe displacement speed drops down to the laminar ﬂame speed
and shows the same dependency as for negatively strained regions.
All of these effects are well captured by the reduced mechanism for
both turbulence levels indicating that it is an acceptable substitute
for the skeletal mechanism even for turbulent combustion.
3.6. Further consideration
From the above discussion in Sections 3.2–3.5, it is clear that
the 5-step reduced mechanism can reproduce the ﬂame statistics
well. However, one can argue that the quantities studied in these
sections are averaged and thus the averaging process can mask
the effects of errors associated to QSSA, which form the premises
for developing the reduced mechanism. There are two ways to
assess this point in a broad perspective, one way is to have two dif-
ferent reduced mechanisms with signiﬁcantly different reduction
errors and a second method is to carefully study the instantaneous
quantities, such as the ﬂame front locations and heat release rate
obtained using the reduced and skeletal mechanisms. Any chemis-
try reduction method will aim to minimise the reduction error
which is related to a careful selection of species obeying QSSA
within a carefully selected tolerance limit so that the reduced set
can reproduce ﬂame observables such as laminar burning velocity,
ﬂame thickness etc., and ignition delay times, which are either
measured or computed using a skeletal/comprehensive mecha-
nism. As noted earlier in Section 2.2, the 5-step reduced mecha-
nism considered here was shown to reproduce these observables
for a wide range of thermochemical conditions in [36]. It is also
important to recognise that the ﬁrst method will be helpful to
answer a question such as, what is the sensitivity of the reduction
error on the turbulent ﬂame observable when a reduced chemistry
is employed? Since the focus of this study is to assess the perfor-
mance of the reduced 5-steps for turbulent ﬂames invariably
involving ﬂame stretch, corrugations and contortions, the second
method is used here for further assessment.
The ﬂame front position at time t, evolved from an instant t1, is
given by
xf ðtÞ ¼ xf ðt1Þ þ
Z t
t1
dxf
dt
 
dt ð21Þ
where
dxf
dt
¼ uþ sdn ¼ eu þ u0
 þ sdn: ð22Þ
Thus, the temporal evolution of ﬂame front position is controlled by
a ﬁne balance among the mean convection, turbulent ﬂuctuating
velocity, and the self propagation of the ﬂame front denoted by
the displacement speed sd. The former two quantities are governed
predominantly by ﬂuid dynamics, which is kept to be the same forsymbol is for the reduced mechanism. The results are shown for case B at t=tfl ¼ 1:6.
Fig. 25. Scatter plots of _Qþ vs. Kþm and s
þ
d vs. K
þ
m . Black symbol is for the skeletal and grey symbol is for the reduced mechanism. The results are shown for case B at t=tfl ¼ 1:6.
Fig. 26. Pdfs of sþd and _x
þ
c for the samples collected along c ¼ 0:32 iso-surface. The results are shown for two different times as noted above for case A (top row) and case B
(bottom row). The solid line is for the skeletal mechanism and the dashed line is for the reduced mechanism.
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speed is dictated by chemical reaction rate and the molecular diffu-
sive ﬂuxes as noted in Eq. (15), which are strongly coupled in pre-
mixed ﬂames. Thus, inﬂuences of chemical kinetics, modelled
using skeletal or reduced mechanism, on the propagation of the
ﬂame front, its instantaneous location and interaction with turbu-lence are of leading order irrespective of urms=sl values. Thus, any
difference one may observe in xf between ﬂames simulated using
the reduced and skeletal mechanisms must originate from chemical
reaction rate given by chemical kinetics and this difference is also
affected by mutual interaction of turbulence and chemistry. The
results in Figs. 4 and 5 show that the ﬂame front position and, its
3098 Z.M. Nikolaou et al. / Combustion and Flame 161 (2014) 3085–3099corrugations and contortions resulting from turbulence-ﬂame inter-
action are not very different when the 5-step reduced mechanism is
used instead of the skeletal mechanism. To gain a closer under-
standing of this behaviour, the pdfs of sþd and _x
þ
c , where _xþc is the
progress variable reaction rate, using the samples collected along
the ﬂame front (c ¼ 0:32 iso-surface) are shown in Fig. 26. The
results are shown for two different times, tþ  t=tfl ¼ 4 and 4.5 for
case A and 1.6 and 1.8 for case B. These times, normalised by the
ﬂame time, can easily be translated in terms of initial eddy turnover
time, te, since tþ ¼ t^Da, where t^ ¼ t=te. Thus, the times shown in
Fig. 26 correspond to a difference of about 0:1te. These times, sufﬁ-
ciently separated but close enough, are chosen carefully to avoid
any bias from chemistry reduction error or insufﬁcient turbu-
lence–chemistry interaction. The later point is ensured by selecting
t^ > 1, which is widely accepted to be sufﬁcient to realise a fully
developed interaction between turbulence and chemistry. It is clear
in Fig. 26 that the reduced chemistry represents turbulence–chem-
istry interaction and ﬂame stretch effects well compared to the
skeletal mechanism. It is worth to note that the values of urms=sl
are of Oð1Þ in case A and Oð10Þ in case B. Thus, it is apparent that
the 5-step reduced chemistry considered here can represent both
instantaneous ﬂame front features and ﬂame related statistics well
over a good range of turbulence level.
Despite these insights and good performances observed, one
must recognise that the results reported in this study are speciﬁc
to the turbulence and mixture conditions tested here. The reduced
mechanism is observed to perform relatively better for the lower
turbulence level considered in this study. This implies that this
mechanism performs better for larger Da number ﬂames. Its per-
formance for the lower Da number ﬂame, case B, is somewhat
reduced and more tests with Da < 1 ﬂames are required to make
further assessment. Since the QSS assumptions hold better in the
PSR limit which aided the reduced mechanism development, it is
expected that there could be a regime between the PSR and ﬂam-
elet combustion limits where this mechanism may have some dif-
ﬁculties. Thus, further DNS at higher turbulence levels is required
to establish an upper limit for the applicability of this reduced
mechanism. Also, additional DNS in non-premixed combustion
with extinction and re-ignition, would be useful in evaluating the
performance of this reduced mechanism over a broader range of
conditions.4. Conclusions
A direct numerical simulation was used to examine the perfor-
mance of a 5-step reduced mechanism for combustion of multi-
component fuel mixtures. The DNS database includes two sets of
simulations at low and high turbulence conditions, urms=sl  Oð1Þ
andOð10Þ, performed using both skeletal and reducedmechanisms
developed in [36]. In this study, premixed combustion of a multi-
component fuel mixture consisting of CO; H2; H2O; CH4 and CO2
is simulated. Three dimensional homogeneous turbulence enters
through one end of the computational domain and leaves from
the other end after interacting with a premixed ﬂame. The perfor-
mance of the reduced mechanism is evaluated by (1) comparing
cross correlations of instantaneous heat release rate and species
mass fractions obtained using both the skeletal and reduced mech-
anisms, (2) using physical space analysis of average mass fractions
and reaction rates of various species, (3) analysing ﬂame structures
in progress variable space, (4) studying scatter plots and pdfs of
ﬂame surface variables and (5) comparing normalised instanta-
neous displacement speed and reaction rate distributions on the
ﬂame surface.
The mean mass fractions and reaction rates of H; O2; CO, CO2,
and CH4 computed using the reduced mechanism are found to bein agreement with those from the skeletal mechanism. A similar
behaviour is observed for the correlation coefﬁcients, see Eq.
(16), for these species. The reduced mechanism slightly over-esti-
mates the average mass fractions of H2O; H2, and H2O2 inside
the ﬂame brush, particularly in regions where the heat release rate
peaks. The spatial cross correlation for these species is observed to
be weak. This is shown to be related to the over-estimation of their
reaction rates inside the ﬂame brush. The validity of the rate-
related QSS assumptions for the steady-state species in turbulent
ﬂames is also examined. It is found that the rate-related QSSA for
HCO holds better for both turbulent cases than in the unstrained
laminar ﬂame. The rate-related QSS errors on the other hand, for
OH; HO2; O; CH3 and CH2O, are found not to hold as well as in
the laminar case and this error peaks mainly for low c values where
turbulence is stronger. Despite this no direct link between the
poorer spatial correlations for H2O; H2, and H2O2, and the
increased rate-related QSS errors of the steady-state species is
observed. This implies that the discrepancies in the instantaneous
mass fractions of H2O, H2, and H2O2 are rather a manifestation of
the differences in turbulence–chemistry interaction for the
reduced mechanism cases resulting from turbulent diffusion and
convection induced by ﬂuctuating heat release rate.
The instantaneous contours of heat release rate are found to be
very similar for the low turbulence case with high correlation coef-
ﬁcients. For the high turbulence case the heat release correlation is
reduced and signiﬁcant differences are observed in the instanta-
neous heat release rate contours. Nevertheless, the spatial varia-
tion of mean heat release rate and progress variable for the
reduced mechanism agrees well with the skeletal mechanism
results. Furthermore, the pdfs of displacement speed, curvature,
tangential strain, stretch and generalized FSD are found to be
nearly identical. The scatter plots of heat release rate and displace-
ment speed against curvature and tangential strain rate are
observed to be similar for the reduced and skeletal mechanism.
Also, the difference in distributions of instantaneous displacement
speed and heat release rate on the ﬂame surface is observed to be
small.
These results suggest that the 5-step reduced mechanism devel-
oped in [36], is a reasonable substitute for the skeletal mechanism
even for the turbulent ﬂames, at least for the conditions considered
in this study. These results also suggest that the performance of the
reduced mechanism is improved for the low turbulence level com-
pared to the high turbulence level considered here. Since premixed
combustion is considered for this study, direct simulations of other
combustion modes such as non-premixed combustion under a
wide range of ﬂow conditions causing extinction and re-ignition
events need to be performed to assess the range of applicability
of this reduced mechanism. This is a subject for further study.
Use of the reduced mechanism is shown to reduce the computa-
tional burdens considerably. Furthermore, the ability of the CARM
[39] software to directly produce source codes for the species reac-
tion rates makes it seamless and straightforward to include the
reduced mechanism in direct numerical or large eddy simulations.
Thus, a wide range of turbulence and thermo-chemical conditions
can be covered for DNS of multi-component fuel combustion in
archetypical conﬁgurations, which are akin to practical devices,
by using the 5-step reduced mechanism.
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